The presence of an excitonic element in close proximity of a plasmonic nanostructure, under certain conditions, may lead to a nonradiative resonant energy transfer known as Exciton Plasmon Resonant Energy Transfer (EPRET) process. The exciton-plasmon coupling and dynamics have been intensely studied in the last decade; still many relevant aspects need more in-depth studies. Understanding such phenomenon is not only important from fundamental viewpoint, but also essential to unlock many promising applications. In this review we investigate the plasmon-exciton resonant energy transfer in different hybrid systems at the nanoand mesoscales, in order to gain further understanding of such processes across scales and pave the way towards active plasmonic devices.
Introduction
Localized Surface Plasmons (LSPs) are collective oscillations of free electrons localized at metallic surfaces. This phenomenon results in a confined and significantly enhanced field compared to the excitation field [1] [2] [3] . A relevant phenomenon, Surface Plasmon Polaritons (SPPs) are evanescent electromagnetic waves propagating along the interface between a metal and a medium possessing permittivity with opposite sign, for example, a dielectric [4] [5] [6] . Although LSPs are not propagating waves like SPPs, they can be used as plasmonic subdiffraction electromagnetic waveguides which can be utilized in building broadband and fast nanocircuitries and devices [7, 8] . In addition, their remarkable optical responses allow the coherent generation of light [9] [10] [11] [12] [13] , selective sensing of organic and biological markers with very high resolution [14, 15] , and imaging at subwavelength scale by beating the diffraction limit [16] [17] [18] . The field of nanoplasmonics is the key to explore "the plenty of room at the bottom" especially with the current advances in top-down and bottom-up nanofabrication techniques.
Surface plasmon resonance occurs at a frequency near the plasma frequency of metallic nanoparticles (NPs) which is a function of the shape and size of the nanoparticles. Due to causality, this strong resonant response is associated with strong damping and losses especially in the visible frequency range, which is the major challenge for most of the future and current applications of plasmonics. Several strategies have been proposed to overcome plasmonic losses problem including highly doped semiconductors [19] , using superconducting metals [20] , reducing surface roughness [21] , and introducing gain in the dielectric surroundings of plasmonic NPs. Using hybrid gain-metal systems was proposed as a possible way to enhance the total internal reflection in the presence of thin silver metal film on a prism [22] and to increase the propagation length of SPPs 2 Journal of Nanomaterials by creating population inversion in the dielectric medium adjacent to the metallic film [23] . Nezhad et al. proposed that the presence of gain in the dielectric medium assists the SPP propagation by compensating for metal losses making it possible for the SPP to propagate with little or no loss on metal boundaries and guides [24] . As discussed by Lawandy in [25] , the field enhancement due to LSPs in metallic nanoparticles surrounded by optically active dielectric medium can have a singularity resulting in a huge local field enhancement and an increase in Rayleigh scattering. Experimentally, both loss compensation of SPPs and field enhancement of LSPs were demonstrated [26, 27] . Furthermore, loss compensation in metallic nanoparticles by using active medium was suggested to overcome absorptive losses in metals used as negative index metamaterials for super lensing that requires a lossless medium [28] , which has been latter demonstrated experimentally [29] . Stockman in [30] showed that gainassisted full loss compensation and SPASER (surface plasmon amplification by stimulated emission of radiation) generation share the same conditions which is governed by Förster energy transfer between a donor gain molecule and a metal NP acceptor. The essence of many of these ideas lies in the fact that the near field amplification of a lossless metal alone requires no energy input, which in reality cannot be achieved due to losses except by introducing an amplifier that compensate such losses through a near field energy transfer mechanism, that is, EPRET. It is thus extremely important to understand the nature of such processes using different hybrid gain-plasmon systems at different scales.
It is important to note that while the underlying physics is not very complicate, it is sometimes confusing to know whether EPRET is taking place or not due to the peculiar nature of the interaction between metallic nanoparticles and emitters. While being an efficient emitter due to its size, the NP will not emit in the far field due to EPRET unless it fully compensates its losses and enter into a SPASER mode. Accordingly, EPRET should result in a reduction in the emission of the excited chromophore (organic dye molecules or quantum dots (QDs)) due to the nonradiative energy transfer from the exciton to the "dark" surface plasmon, that is, an induced surface plasmon that ends up dissipating its energy in the form of absorption. On the other hand, the emission of emitters located near a metallic NP may increase several orders of magnitude via a nanoantenna effect, resulting in the so called metal enhanced fluorescence (MEF). In both cases, however, we require the overlap between the emission of the excited molecules and the plasmon band and the spatial proximity between the two species, and we expect a reduction in the decay time of the excited molecules. In fact, the physical process that initiates both processes is the same; an excited optical gain with a specific transition dipole moment resonantly induces a surface plasmon in a nonradiative manner which may or may not allow radiative emission in the far field.
The radiating plasmon model was introduced to enable the prediction of the dominant effect [31] . According to this model emission enhancement or quenching of an emitter near a metallic NP can be predicted from the optical properties of the metallic structures. For instance, the extinction of metal colloids can be either due to absorption or scattering. Incident energy is dissipated by absorption, whereas farfield radiation is out-coupled by scattering. Accordingly, small colloids are expected to quench fluorescence because absorption is dominant over scattering while larger colloids are expected to enhance fluorescence because the scattering component is dominant. This simplistic view, however, is not enough to capture all the physics necessary to distinguish between the two effects. For instance, it has been demonstrated recently [32] that for larger Au NPs the emission intensity of an emitter is quenched more significantly relative to smaller ones. According to this work [32] , the increased quenching for larger particles was due to the stronger overlap between the emission spectrum and the plasmon band which strengthened EPRET. Hence, it is instructive to understand that each effect, quenching due to EPRET and enhancement of emission due to MEF, has many parameters that need to be considered in a case-by-case analysis.
Enhancing the emission due to the presence of metallic NPs can be understood from two different and equally valid perspectives. The existence of a NP near an emitter increases the optical density of states, due to the confinement of the emission field in the vicinity of the NP. According to Purcell effect, this means that the radiative decay rate of the emitter should increase due to the decrease in the modal volume, that is, the effective cavity where the mode is confined within [33] . The increase in radiative decay rate, as we will show in detail, leads to a net increase in the emission intensity. Another way to look at the enhanced emission is to think of metallic nanoparticles as efficient antennas that radiate the emission in the far field in a more efficient way compared to small atoms or molecules [34] , thus increasing the probability of far field emission for the emitter. From this point of view a larger particle can indeed act as a better emitter, which goes along with the radiating plasmon model.
On the other hand, EPRET is form of dipole-dipole resonant nonradiative energy transfer first addressed by Förster [35] and it is highly sensitive to donor-acceptor interdistance, dipole-dipole orientation, dipole moment strength of both the donor and the acceptor, and dipole-dipole resonance. As all quantum phenomena, resonance energy transfer is a matter of probability. Having dipole-dipole resonance by ensuring a strong spectral overlap between the emission band and the plasmon band increases the probability of energy transfer and has been demonstrated experimentally [36, 37] . This anecdotally depends on the NP's size, since the plasmon band depends on the size and shape of the particle. Energy transfer probability depends strongly on the interdistance between the NP and the emitter and has been shown clearly in [38] . Intuitively, the size of the NP and the interdistance between the chromophore-NP pair have the same effect on the RET; a close but small NP is just like a big but far one, from the perspective of EPRET. Still a bigger NP works as a better antenna and can reradiate or scatter in the far field more efficiently. In addition, the dipole moment of a large NP is stronger and thus it can strengthen the dipole-to-dipole energy transfer. What we want to say is that making general statements about which effect is dominant is incorrect and Journal of Nanomaterials 3 a closer look to all the parameters that govern EPRET and emission enhancement is important.
To that end, we have designed different hybrid gainplasmon systems that exhibit EPRET and varied several parameters in order to gain deeper understanding of this important phenomenon. We believe that this work highlights important aspects that are necessary in the future design of hybrid systems that can fulfill the full promise of plasmonics. In this paper we discuss the main concepts related to plasmon-exciton coupling in different hybrid structures in order to elucidate the physical parameters governing EPRET and what are the consequences of these near field interactions. Next, we present our work on plasmon-exciton hybrid systems in the nano-and mesoscales. Finally, we will present macroscale systems that exhibit interesting properties that capitalize on plasmon-exciton coupling.
Theoretical Background

Plasmon-Exciton Coupling Mechanisms in Hybrid
Plasmonic Nanostructures. The size transition of noble metals from bulk to atomic scale exhibits wide spectrum of interesting material behavior. While high conductivity and reflectivity are the main characteristics of the bulk noble metals, their particles in size domains comparable or smaller than the incident light wavelength show the fascinating property of the LSPR (Localized Surface Plasmon Resonance), which occurs when the oscillation of LSP resonates with the incident electromagnetic field.
Mie theory expresses a generic solution to extract extinction cross section of spherical particles that can be extended from dynamic regime (mesoscale, ∼ ) into the quasi-static regime (nanoscale, ≪ ) [39] . In dynamic regime, due to significant phase changes of the driving field over the particle volume, the electric field distribution along the particle is nonuniform. Thus, the contribution of multipolar modes in the electrodynamic calculation is considered, whereas in quasi-static approximation, due to the uniform distribution of the electric field along the NP, one can consider that the electron cloud polarization is coherent in each point of the particle and therefore only dipolar plasmon oscillations are excited. Hence, LSPR occurs only in such small particles, in which the particle size is much smaller than the wavelength of the incident light. The quasi-static approximation leads to the following expression for the extinction cross section ext [39] :
In this equation, + is the complex dielectric function of the NP with radius and ℎ is the dielectric constant of the surrounding medium. From (1), ext has a strong resonance whenever the condition = −2 ℎ is satisfied. The brilliant colors of various metal NPs are observed for frequencies that correspond with the LSPR peak. It is clear from (1) that the position, shape, and intensity of the plasmon band strongly depend on several factors such as the metal composition, the size [39] , the surrounding dielectric medium [40] , and the shape of the NP [41] , as well as NPs arrangement and electronic interactions between the stabilizing ligands with NPs [42] .
The decay time of an excited state Ex of a chromophore depends on radiative and nonradiative decay processes:
Here, ,0 and ,0 are intrinsic radiative and nonradiative decay rates of a chromophore, respectively. This is closely related to the quantum yield of fluorescence of such molecule Φ Ex which is a measure of the number of photons emitted for a given number of photons absorbed [43] :
Furthermore, the emission rate em depends on the quantum yield, as well as the excitation rate exc :
A photo-induced electronic excitation of a chromophore present in close vicinity of a plasmonic nanostructure results in energy transfer from the excited entity (exciton) to the plasmonic modes of a NP or vice versa through nonradiative channels (EPRET process). Moreover, as mentioned earlier, MEF could affect the radiative decay rate of the excited molecules near plasmonic NPs. Hence, the modified decay time ( Ex-NP ) and quantum yield (Φ Ex-NP ) of an exciton near a metallic NP are expressed as follows:
where MEF is the radiative decay rate due to metal enhanced fluorescence and RET is the rate of resonance energy transfer (RET) in a plasmon-exciton system separated by a distance , in which it is usually analyzed in terms of the following expression:
Here in (7), 0 known as Förster radius is the distance at which the RET efficiency drops to 50%. At large separation distances compared to the radius of the NP RET is Förster type, which varies with the inverse sixth power of the separation distance of exciton-plasmon pair ( = 6), while at small distances (approximately = to = 4 ), the value of lies between 3 and 4 [44] [45] [46] . It is important to realize the crucial role played by the gain-NP distance in determining which exciton plasmon phenomenon would take place. RET depends on several system parameters such as (i) interparticle distance [47] , (ii) relative spectral overlap between excitonic emission band and NPs surface plasmon band (SPB) [47, 48] , (iii) relative orientation of chromophores transition dipole moment with respect to NPs plasmon mode [49] , (iv) strength of transition dipole moment [50] , (v) the geometry and size of the metal nanostructures [51, 52] , and (vi) concentration and molar extinction coefficient of the plasmonic and excitonic particles [53] . However, the most significant factor that affects the rate of this process is the plasmon-exciton separation distance. For very small distances, Dexter Energy Transfer (DET) process dominates. This process is very similar to EPRET in the sense that it results in an increase in the nonradiative decay rate of the exciton, yet it is fundamentally different in terms of the underlying physics. DET occurs due to the physical overlap between the wave functions of the donor exciton and acceptor NP that results in electron transfer which is translated into energy transfer much like charge transfer due to adhesion that causes static charge accumulation. Accordingly, this process takes place when the interdistance is of approximately 10Å. This is true for conventional FRET processes as well as for EPRET; however, in the case of plasmonic NPs, no experimental evidence has been reported for the approximate interdistance where DET dominates.
In addition, as we discussed formerly, for longer separation distances in the order of 20-30 nm and depending on the size and plasmonic resonant frequency, MEF process may dominate the interaction, because of the weak coupling Purcell effect. The study of Bhowmick et al. shows that the effect of interparticle distance over the rate of energy transfer is associated with the particle size [54] . The expression of Förster radius reveals how RET is correlated with the other above mentioned factors:
where is the refractive index of the medium and ( ) represents the overlap integral between the emission spectrum of the exciton and the absorption spectrum of the plasmonic particle. The parameter 2 is the orientation factor, which represents the influence of the excitonic dipole orientation relative to the plasmonic resonant dipole. Due to the symmetric shape of the spherical NPs, the dipoledipole relative orientation dependence of EPRET process is significantly different than that of the FRET case, where we have two chromophores as a donor and acceptor pair [54] . In the case of the FRET, if the dipoles of the donor and acceptor are perpendicular to each other, RET process is forbidden, while it is maximum, if they are parallel to each other. However, in the case of EPRET, by assuming that the NP is symmetric, when plasmon and exciton dipoles are perpendicular to each other, the RET reaches its minimum rate but does not get to zero. Therefore, in the EPRET process, there is no particular orientation where EPRET is forbidden. Furthermore, according to [54] as the distance gets smaller, the effect of the relative orientation of the exciton dipole moment and the NP becomes less significant for shorter distances. Intuitively, this could be understood by taking into consideration the huge size of the NP compared to a dye molecule. In fact, for short distances the NP would block the horizon of such a small molecule and then a change in the dye's dipole orientation would become less significant.
On the other hand, MEF is very sensitive to the relative orientation of the exciton and the NP. Experimental and theoretical studies show that the net luminescence can either quench [55] or enhance [56] the emission depending on the orientation of exciton-plasmon dipoles [54, 57, 58] . In the case of parallel (tangential) orientation of chromophore dipole moment to the surface of the NP, the induced dipole of the NP and the chromophore dipole will radiate out of phase which will decrease total radiative decay rate ( ,0 + MEF ) (Figure 1(a) ) [59] . Taking into account that EPRET will not be affected drastically by the relative orientation of the two dipoles, according to (6) this will result in quenching the emission. On the other hand, when the chromophore dipole is perpendicularly (radially) oriented towards the NP (Figure 1(b) ), the dipoles' radiation field will constructively interfere and thus MEF, as well as total radiative decay rate, will increase. It should be noted that in this case EPRET also will be taking place and other parameters will determine whether emission will be quenched or enhanced [38, 50] .
It is worth noting that for both MEF and EPRET processes another effect takes place; the short living excited states decrease the possibility of photobleaching, as well as other interactions that may result in destroying the fluorescent nature of the chromophores, resulting in the increase in their photostability. In addition, this effect increases the molecules excitation rate, since more excited molecules are now knocked down to the ground state and ready to absorb and participate in the emission process. This results in an enhancement in the total emission rate, according to (4) .
Another closely related effect is the lightning rod effect and it takes place when the absorption band of the chromophore overlaps with the plasmon band of the NP which acts as a receiver nanoantenna that confines the electromagnetic field which effectively increases the excitation rate of the chromophore and thus increases the total emission rate em according to (4) . The enhancement of the local field due to plasmonic confinement has gained much attention and used to be the main focus of research since it resulted in many promising applications such as Surface Enhanced Raman Spectroscopy SERS [60] , enhancing nonlinear optical effects [61] , and magnetooptical effects [62] , as well as in enhancing the absorption cross-section of semiconductors, in order to increase their efficiency for photovoltaic applications [63] in which usually they suffer from the high band gap with respect to the solar spectrum. It is easy, for most cases, to distinguish between lightning rod effect and MEF effect, since the latter requires the overlap of the emission band of the chromophore with the plasmon band of NP. Furthermore, the lightening rod effect will not change the life time of the excited state.
Concentration of the chromophores plays an important role in determining the efficiency of the EPRET process. The right concentration of the chromophores can be determined by considering the size, shape, and molar concentration of plasmonic particles [64] .
The plasmon-exciton interactions of hybrid systems can be investigated by acquiring static fluorescence intensity, time-resolved fluorescence spectroscopy, and quantum yield of chromophore molecules. The plasmon-induced fluorescence time decay ( ( )) of a hybrid system, measured via time correlated single photon counting (TCSPC), can be fitted by a multiexponential decay function:
where are the decay times and represent the amplitudes of components at = 0. By means of the quantum yield measurement the total radiative decay rate ( ), total nonradiative decay rate ( ), and RET components can be obtained by given equations:
Plasmonic NPs are not ideal resonators as they exhibit high ohmic losses, particularly in optical wavelengths. Accordingly, having a low value of the imaginary part of the dielectric permittivity is important for realizing many plasmonic applications. In fact, the problem of optical losses in plasmonic nanostructures must be tackled before moving towards the fabrication of functional devices. To that end, theoretical [65] [66] [67] and experimental studies [68] [69] [70] have demonstrated that EPRET processes can play a role in modifying the imaginary part of the effective dielectric function of such hybrid systems, which can pave the road towards high efficiency optoplasmonic devices.
Plasmon Hybridizations Theory.
Plasmon resonances and in general the extinction spectra of the geometrical complex metal nanostructures such as metallic nanoshells and multimeric nanostructures can be predicted by means of plasmon hybridization model [71] [72] [73] . According to the plasmon hybridization theory the plasmon response of metalbased nanostructures can be viewed as the collection of plasmons arising from simpler geometries to form an interacting system. Accordingly, for a composite system that consists of several interacting surface plasmons, the resulting resonance is a superposition of plasmon oscillation eigenstates in a manner equivalent to hybridization of molecular orbits in molecular orbital theory.
For a spherical core-shell particle plasmon hybridization approach predicts two divided plasmon oscillation modes − and + consisting of a sphere sp and cavity plasmons. Due to the finite thickness of the shell layer, the sphere and cavity plasmons interact with each other and hybridize in a way analogous to the hybridization between atomic orbitals (Figure 2(a) ). The − mode corresponds to "bonding" or the lower energy symmetric coupling between the sphere and cavity modes, while + mode corresponds to the higher energy antisymmetric or "antibonding" plasmon mode [71] . The antisymmetric mode is located at higher frequencies with respect to the symmetric mode, since higher level of excitation energy, that is, higher frequency, is needed to polarize oppositely the different surfaces of the metal shell.
The strength of the hybridization between the sphere and cavity plasmons of a nanoshell is determined by the difference in their energies sp and as a function of metallic shell thickness; the thinner the shell the bigger the energy difference between the two modes ( Figure 2(b) ). This should not come as a surprise since a higher frequency is required to create the antisymmetric mode as the shell thickness decreases since we have less retardation time between the sphere and cavity modes.
A multimeric nanostructure composed by attaching individual NPs has different plasmon modes relevant to a single NP. According to the plasmon hybridization theory the fundamental plasmon modes of multimeric systems can be expressed as linear combinations of multipolar plasmon modes of individual NPs. The strength of the hybridization depends on the arrangement of single NPs in a multimeric nanostructure [74] .
Plasmon modes of a dimer can be viewed as bonding and antibonding combinations, that is, hybridization of the plasmons of two individual NPs. The dimer plasmon energies can be varied as a function of dimer separation for plasmon polarizations along the dimer axis. In a dimer with large interparticle distance, the plasmons of two NPs interact only weakly. The plasmon hybridization theory can be extended to calculate the electromagnetic response of multimeric systems with arbitrary symmetry such as trimers and quadrumers. Illustrating the dependence of the nanoshell's plasmon resonance energies on the strength of the interaction between the sphere and the cavity's surface plasmons, determined by the thickness of the metallic shell. Regenerated with permission from reference [72] .
The plasmon modes of each configuration can be considered as symmetry-specific linear combination of plasmons of the individual NPs, by applying group theory [75] .
Hybrid Plasmon-Exciton Systems across Scales
Exciton-Plasmon Resonance Energy
Transfer at the Nanoscale. Plasmon-exciton coupling is a phenomenon that pertains mainly to the nanoscale. Here we select different hybrid systems that highlight some of the important parameters that affect the plexciton coupling process. The advancement in nanochemistry allowed us to go beyond the traditional free gain/plasmonic systems to gain control over different coupling parameters and enabled us to selectively investigate each physical parameter.
Gain-Functionalized and Gain-Assisted Plasmonic Systems.
The exciton-plasmon resonance energy transfer, as discussed earlier, depends on the separation distance between NPs and dye molecules. This dependence manifests itself when we compare the properties of gain-assisted and gainfunctionalized core/silica shell. The main difference between these two systems is that in the gain-assisted system fluorescent guest molecules are mixed in solution with the plasmonic nanoparticles, whereas NP gain functionalization comprises "smart nanoparticles" carrying built-in gain elements obtained by incorporating optically active components (quantum dots or organic dyes) within the silica shell [76] .
We have used a gain-assisted system that consists of Au core/silica shell nanospheres (core diameter 60 nm, silica shell 30 nm) dispersed in an ethanol solution of Rhodamine 6G (R6G). To synthesize gain-functionalized system, the same parameters were used as in the gain-assisted system; however, the R6G molecules were not present freely in the ethanol solution; rather they are embedded inside the silica shell. As compared to the gain-assisted system, the gainfunctionalized approach allows a fine control of key parameters such as dye-metal core interdistance and dye concentration, offering the advantage of clearing inactive fluorescent molecules from solution. Figure 3 shows a schematic for both gain-functionalized and gain-assisted core-shell systems as well as the absorption and emission bands of R6G and the plasmon band. To demonstrate EPRET, fluorescence life time measurement experiments were conducted on ethanol solution of pure R6G molecules, gain-assisted system, and gainfunctionalized systems. Figure 4 reports the time correlated single photon counting (TCSPC) data for the three systems. For the free dye system the fluorescent life time decay was fitted as a single exponential function giving a time constant of fluo = 5.4 ns. For the gain-assisted system (blue dots and cyan line fit), two components can be identified in the decay dynamics. For the gain-assisted system (blue dots and cyan line fit), two components can be identified in the decay dynamics: a fast decay time of 1 = 190 ps and a long-living emission of 2 = 6 ns. The first decay time is attributed to the fraction of dye molecules decorating the silica shell that experience a stronger resonant energy transfer process, while the long-living emission is related to the fraction of unbound dye molecules (the largest fraction) present in solution but that are not coupled to plasmonic nanoparticles. Strikingly, the time-resolved spectrum of the gain-functionalized system (pink dots) shows only a short-living intensity emission decay, fitted as a single exponential with a time constant ( = 120 ps). Accordingly, this decay time can be attributed to the encapsulated fluorescent molecules resonantly coupled to the plasmonic gold core. It is worth noting that in the gain-functionalized system there is no long-living emission due to unbound R6G molecules. Thus, the identification of a single-exponential decay of the short-living encapsulated dye emission indicates a complete and effective exciton-plasmon coupling.
Another important study [77] utilizes gain functionalization approach in order to control for the concentration and the average distance separation between dye molecules and plasmonic NPs in order to probe other parameters. In this study two different dyes C500 and DCM that have different spectral overlap with the plasmon band, ( Figure 5 ) were used to decorate gold core/silica shell nanoparticles to create two gain-functionalized systems of GF-DCM and GF-C500.
As mentioned earlier, (7) shows that the radiative energy rate RET is inversely proportional to decay time. This is mainly due to the inverse relation between the decay time of dye molecules and the strength of their transition dipole moment. Fluorescence lifetime measurements for free molecules and gain-functionalized NPs are shown in Figure 6 and tabulated in Table 1 .
The fluorescence decay time of free DCM dye molecules is found to be five times smaller than that of the C500. For the gain-functionalized systems, the C500 system exhibits two decay times, a short decay time reflecting the EPRET nonradiative energy transfer and a longer decay time representing the fluorescence of the uncoupled dye molecules. Strikingly, the gain-functionalized DCM exhibits complete fluorescence quenching with no emission measured. While the spectral overlap for DCM is less than that of C500, the strength of EPRET is much stronger for DCM than C500, which can safely be attributed to the strength of its transition dipole moment.
Active Plasmonic Multimeric Systems.
Multimeric nanostructures are promising nanostructures that show how hybridization of plasmon modes can result in a net enhancement of the local field for plasmonic nanostructures and thus strengthen the plasmon-exciton coupling [78] . This Table 1 : Time resolved fluorescence decays for GF-C500 and GF-DCM systems with respect to the pure dye solutions. ex and em stand for excitation and emission wavelengths, respectively. 1 and 2 are the components of the biexponential function used to fit the acquired TCSPC data.
2 is the chi-square function which shows the goodness of the applied fit. Reprinted with permission from [77] . Figure 6 : Time-resolved fluorescence intensity decays and corresponding fits of (a) GF-C500 and (b) GF-DCM systems in comparison to pure dye solutions of C500 and DCM, respectively. Reprinted with permission from [77] . is one main reason why, as mentioned earlier, the EPRET depends on the geometry and configuration of the hybrid nanostructure.
We have compared the plasmonic behavior of gold core/silica shell doped with Rhodamine B isothiocyanate (RhB) monomeric structures with 10 nm (Mo+10) and 30 nm (Mo+30) shell thickness, and multimeric samples, that is, controlled conglomerations of two or more monomers, prepared from both Mo+10 (Mu+10) and Mo+30 (Mu+30) samples. The sketches of monomeric and multimeric systems are provided in Figures 7(a) and 7(b) , respectively. As shown in Figure 7 (c) the surface plasmon peak for multimers is redshifted with respect to monomers.
In addition, simulation results presented in Figure 8 showed that the net field enhancement intensity of multimeric samples is stronger than monomeric samples. Finally, as the silica shell thickness decreases the local field is further enhanced for multimeric samples. This can be understood using plasmon hybridization model. As discussed earlier plasmon hybridized modes lead to the splitting of the plasmon resonances into lower energy symmetric plasmon and the higher energy antisymmetric plasmon. As the gap between NPs decreases the coherent (symmetric) mode is more pronounced with respect to the antisymmetric one, since the response delay of the electron charge density is minimized. The presence of such a strong coherent mode results in a stronger field intensity, as well as lower resonance energy of the bonding mode, since the coherence is maximized by having a slower amplitude variation, that is, frequency, which results in a red-shift of the plasmon peak. This explains the correlation between stronger field intensity y (nm) y (nm)
y ( Table 2 : Time-resolved fluorescence decay results for monomeric and multimeric systems with 10 nm and 30 nm fluorophores-NP separation distances. ex and em stand for excitation and emission wavelengths, respectively. 1 , 2 , and 3 are the components of the tri-exponential function used to fit the TCSPC data correlated to each one of active sample.
2 is the chi-square function which shows the goodness of the applied fit. Reprinted with permission from [78] . and the observed red-shift in the plasmon resonance peak of multimeric systems. The main observations are that (i) nonradiative RET processes occur between chromophores and metal cores leading to very short life times ( 1 ); (ii) EPRET process is drastically affected by their separation distance; (iii) as a result of plasmon hybridization process, multimeric systems generally create more intense plasmonic hot spots (high local fields), providing stronger plasmon-exciton coupling with respect to monomeric systems; (iv) the intermediate decay times ( 2 ) indicate that the decrease of silica shell thickness, as well as enhanced local fields, further promotes indirect couplings, irrespective of monomeric or multimeric systems.
The enhancement of the net confined field intensity indeed increases the strength of the EPRET. Table 2 summarizes the results of Figure 9 of the time-resolved fluorescence spectroscopy of the mentioned systems.
Exciton-Plasmon Resonance Energy Transfer at the
Mesoscale. Plasmonic structures in the mesoscales offer a very important step towards utilizing the interesting plasmonic properties in macroscopic applications. Here, we deal with two systems, mesocapsules and gold nanoshells (GNS).
Gain-Assisted Plasmonic Mesocapsules.
We have used mesocapsule systems [79] that consist of porous silica shells with a radius of ∼800 nm embedding plasmonic nanoparticles in a dye doped solution with R6G (see the schematic of Figure 10 ). These pores allow dye molecules to infiltrate the capsule. Figure 10(b) shows the plasmon band of mesocapsule structures which is wider and red-shifted with respect to that of single nanoparticles. This can be explained by using the plasmon hybridization theory, as well.
The fluorescence decay time shows a change in the decay time for higher mesocapsule concentrations with respect to the free R6G molecules (Figure 11(a) ) of the same concentration showing how using the right NP to dye concentration plays an important role in ensuring the occurrence and strength of EPRET. Another and more compelling evidence on the coupling occurrence is obtained by measuring the fluorescence quenching efficiency calculated as = 1 − / 0 , where and 0 are the fluorescence signal intensity of the dye in the presence and the absence of the quencher, respectively. Figure 11 (b) plots versus pump power, that is, the number of excited dye molecules. It is clear that the dye molecules emission in mesocapsules does not increase proportionally with respect to free dye molecules, which means that there is a strong nonradiative EPRET. Indeed, this assumes that mesocapsules are static quenchers; that is, their absorptivity is not a function of the pump power.
Unlike gain-functionalized structures, dye molecules in mesocapsules are quite dispersed and are not in close proximity to the plasmonic acceptor. However, the strength of mesocapsules in fostering EPRET comes from the homogeneity of the electric field inside the capsules. As discussed earlier, the orientation of the gain dipole moment plays an important role in optimizing the energy transfer. The dye molecule dipoles minimize their energy if they reoriented themselves inside the mesocapsules due to the homogeneity of the electric field, which enhances the net dipole moment of the gain molecules. This emphasizes the importance of strategically positioning the gain with respect to the geometry of plasmonic structures.
Plasmonic Active Nanoshells.
Metal based nanoshells consist of spherical particles with diameters that can reach up to 250 nm in diameter and are composed of dielectric core (usually SiO 2 ) covered with a thin gold shell; these structures can be considered in the mesoscale; however, their name is derived from the nanoscale shell thickness [80, 81] . Plasmonic nanoshells have very interesting optical properties that make them very attractive on their own for many applications, especially bioimaging and photothermal therapy, since they are biocompatible and have strong optical cross section and luminescent properties [82] [83] [84] . The EPRET for Au nanoshells was studied by preparing SiO 2 dielectric core (∼170 nm) covered with a thin gold shell of ∼20 nm thickness doped with RhB dye molecules [85] . Figure 12 shows the plasmon band of the Au nanoshells, as well as the emission of RhB embedded inside SiO 2 beads and while being embedded inside the core of Au nanoshells. The emission of embedded RhB dye molecules in the Au nanoshell is quenched, while the intrinsic luminescence originating from the structure of nanoshells accounts for the extra peaks.
The EPRET is evident from fluorescence decay time results presented in Figure 13 for dye-doped nanoshells as compared to that of doped RhB in SiO 2 beads. The schematic of the used setup to perform ultrafast fluorescence decay time spectroscopy is shown in Figure 14(a) . Metallic nanoshells importance in bioimaging depends on its ability to scatter incident fields, while its photothermal therapy applications capitalize on its absorbance, while these properties can be tuned by reducing the metallic shell thickness to get stronger absorbance, or increasing the shell thickness to get stronger scattering.
EPRET, however, can provide a way to enhance absorption and scattering simultaneously within the visible spectrum. As mentioned earlier, EPRET changes the imaginary component of the electric permittivity which is directly related to the absorption of the plasmonic structure. Using a pump-probe setup (shown in Figure 14(a) ) the normalized transmission difference was measured for different pump power. Evidently, as the pump power increases, resulting in activating more dye molecules, the system's absorbance is enhanced in the optical range 530-610 nm and it decreases in the 630-750 nm range (see Figure 14(b) ), while the scattering remains unchanged. This offers new possibilities toward optical tuning of the plasmonic properties in the mesoscale.
Exciton-Plasmon Resonance Energy Transfer at the
Macroscale. The realization of tangible metamaterials that can exhibit strong EPRET on the macroscale is quite challenging. However, we present two different techniques that provide a promising step towards realizing such goal: a bottom-up approach using microfluidic techniques and a top-down approach using hyperbolic metamaterials.
Exciton-Plasmon Resonance Energy Transfer Using Microfluidic Systems.
Microfluidic technique allows concentrating NPs to create a bulk structure, by injecting microfluidic channels with a dilute mixture containing NPs (Figure 15(a) ) [86] . Since microchips are made out of elastomer, it is permeable to water and other solutions but not NPs. Subsequently, we can selectively extract the solvent while injecting the channels with more solvent, allowing for the NPs to accumulate, forming bulk crystal like 3D structure (see Figures 15(b) and 15(c) ). The EPRET was studied by using a metal gold core (diameter ∼ 12 nm) covered by a silica shell (∼12 nm thickness) doped with DCM gain molecules. To extract the macroscopic physical quantities, the authors used variable angle spectroscopic ellipsometry VASE implemented with an external pump source (Figure 15(d) ). Ellipsometry measures the complex reflectance ratio ( ) of a system, which may be parameterized by the amplitude component (Ψ) and the phase difference (Δ). The incident probe light can be decomposed to and polarization components. The amplitudes of the and components after being normalized are denoted by and , respectively. is defined as the ratio between and and thus is equal to tan(Ψ)exp(iΔ), where tan(Ψ) = | |/| | is the amplitude ration upon reflection and (Δ) = − is the phase shift. The plasmon band measurement was performed by measuring the transmission (Figure 16(a) ) of a 1 mm solution in a cuvette; the plasmon resonance peak is around 532 nm. When the microfluidic procedure is followed, a 3D bulk structure of gain-functionalized nanoparticles is formed. Figure 16(b) shows the spectroscopic behavior of Ψ as a function of the incident light. The plasmon peak shows a collective resonance shift about 530 nm due to the plasmon hybridization caused by aggregation of nanoparticles. Figure 17 (a)), we find a strong modification of Ψ and Δ curves (black and red dashed curves in Figures 17(a) and 17(b) , resp.) while pumping the material with respect to the absence of excitation.
On the other hand, no modification is observed for the ellipsometric parameters at the excitation wavelength (532 nm) but is observed only in spectral region where gain and plasmon bands overlap. This different optical response is the result of a change in the physical properties of bulk materials induced by a resonant energy transfer process. The exciton-plasmon coupling ensured by the designed topological and spectral configuration dominates the mechanism of conveying excitation energy nonradiatively into the plasmon states.
Plasmon-Exciton Coupling in Hyperbolic Metamaterials.
In this section, we demonstrate the plasmon-exciton coupling in hyperbolic metamaterials. Hyperbolic metamaterials [88] feature hyperbolic dispersion, because one of their principal components has the opposite sign to the other two. Their properties include strong enhancement of spontaneous emission, extremely sensitive biosensing, diverging density states, negative refraction, and enhanced super-lensing effects. [19, [89] [90] [91] . They are characterized by optical hyperbolic isofrequency surfaces with a diagonal form of the permittivity tensor = diag( , , ), in which diagonal elements have different signs ( = and ⋅ < 0) leading to the hyperbolic dispersion as following equation:
Such metamaterials support high-wave vector propagating waves (bulk plasmon polaritons (BPPs) modes) due to hyperbolic dispersion [92] . As discussed earlier, SPPs are delocalized surface plasmons that couple a photon in a dielectric (called polariton) to the surface plasmons on a metal interface. These SPPs are evanescent waves in the direction normal to the metal-dielectric interface, across which they propagate. The momentum of such surface modes is so high that light incident on such interface cannot be coupled directly and requires either a grating, prism, or scatterers in order to give the necessary momentum "kick." However, the evanescent field of the SPPs is capable of providing such coupling momentum, as well. The BPPs exist due to coupling of the evanescent fields of several SPPs propagating in a separate but very close metal-dielectric interface. Accordingly, this type of HMMs, called type II HMMs, has a propagating field in the bulk which makes it "look like" a dielectric in the direction. However, this propagating mode is extremely confined, since it is a product of coupled evanescent fields. This is the physical origin of the extremely high density of photonic states in HMMs. According to the Purcell effect, one can expect that light would be sucked inside such modes and any emitter that is located on top of HMM surface would increase its emission rate. These modes are also dark modes and do not radiate back in the far field, unless another mechanism is provided to out couple it [93] [94] [95] .
We have performed time-resolved photoluminescence measurements to study the fluorescence lifetime and decay rate of dye molecules (emitters) coupled with the plasmon modes of the HMM. We have considered Ag/Al 2 O 3 HMM that shows a hyperbolic dispersion above 430 nm wavelength (Figure 18(a) ). The designed HMM is realized by following sequential depositions of 12 alternated layers of alumina (Al 2 O 3 ) and silver (Ag) thin films on a glass substrate. The measured thickness of Al 2 O 3 and Ag is 23 nm and 12 nm, respectively. To investigate the influence of designed HMM on spontaneous emission enhancement a dye doped PMMA layer is spin-coated over a predeposited Al 2 O 3 spacer (12 nm) on the HMM structure (inset of Figure 18(a) ).
For comparative analysis, a reference sample is fabricated by spin coating a layer of dye-doped PMMA over a predeposited Al 2 O 3 spacer (same thickness of 12 nm) over glass substrates. TCSPC setup has been used to investigate the fluorescence lifetime of the dye molecules and how they are affected from the plasmon field. The maximum emission wavelength of Coumarin 500 dye dissolved PMMA is observed at 470 nm for 380 nm excitation wavelength (setup in Figure 14(a) ).
In order to show the transition from elliptical to hyperbolic dispersion, the investigated emission wavelengths are in Figures 18(b) , 18(c), and 18(d), respectively. The data have been fitted using three exponential functions. Since the longer time ( 3 ) is attributed to uncoupled dye molecules, located above the coupling distance from the HMM, we use shorter decay times ( 1 and 2 ) to predict the decay rate enhancement, since shorter decay times are related to molecules strongly coupled with HMM.
The transition from elliptical to hyperbolic dispersion is evident from the obtained curves, showing a large variation in time decay for HMM compared to reference sample when the emission wavelength is varied from elliptical to hyperbolic region. According to Figure 18 (e), a large difference in spontaneous emission lifetime of dye onto the HMM compared to reference sample is observed in hyperbolic region. Also, the dye molecules of the reference sample show an increase of the fluorescence lifetimes as a function of the emission wavelength; however lifetime of dye onto HMM is almost constant in the hyperbolic region of the emission spectra. The observed behavior of HMM is attributed to the existence of high-modes as well as nonradiative and SPP modes present Reprinted with permission from [86] .
in the HMM. A supporting theoretical simulation result for decay rate enhancement obtained using a semiclassical approach [96] is shown in Figure 18 (f).
Summary
In this review we have discussed many phenomena that are observed due to the interaction between an emitter and a plasmonic NP including Dexter Energy Transfer, Exciton Plasmon Resonance Energy Transfer, metal enhanced fluorescence, enhancement of absorption cross section (lightening rod effect), enhanced photostability, and the increase of excitation rate. We have discussed in detail the different parameters that govern EPRET specifically and how to distinguish it from other relevant phenomena. In addition, we have discussed briefly the concept of plasmon hybridization theory. It is evident that EPRET depends on various parameters as confirmed by our investigations on different hybrid structures fabricated across scales. At the nanoscale, gain-functionalized systems compared with gain-assisted systems showed how the interparticle distance between plasmonic structures and excitons affects their coupling strength while using two different dye molecules in gain-functionalized systems showed the importance of the transition dipole strength in fostering EPRET. Multimeric nanostructure compared with monomeric ones showed how the geometric arrangement of the metal nanostructures can change the electromagnetic environment, which affects both the plasmon-exciton and the exciton-exciton couplings.
At the mesoscale level, two systems have been studied. Mesocapsules impregnated with dye molecules showed the importance of both dye concentration as well as the relative orientation of the transition dipole moment of excitons with respect to the plasmonic field on EPRET and efficient nonradiative energy transfer. Dye doped nanoshells showed an important impact of EPRET on tuning the scattering and absorption of plasmonic systems.
Finally, two main macroscale systems are presented. Microfluidic systems were used to create bottom-up bulk plexcitonic systems consisting of hybrid nanostructures which showed a glimpse of the future of EPRET on creating useful devices that exhibit enhanced optical properties. In addition, gain-assisted hyperbolic metamaterials exhibited a form of energy transfer that is due to the divergent density of photonic states of such materials.
To summarize, this work wanted to put together the results obtained by investigating the interplay between excitonic molecules and plasmonic nanostructures from nanoscale to bulk materials. The motivation for these studies can be found in the enormous scientific potential of plasmonic metamaterials and far-reaching technological applications based on metal enhancement effects and confinement of energy and fields at scale much smaller than the operative wavelength.
